Unconventional high temperature superconductivity as well as three-dimensional bulk Dirac cone quantum states arising from the unique d-orbital topology has been a recent priority research area in physics. In iron pnictide compounds, although transport phenomena arisen from this multiple band Fermi surface are intriguing and scientifically important, they still do not give an adequate matching to neither experimental observations on the band picture nor theoretical calculations and a debate continues. Here we describe a new analytical approach of mobility spectrum, in which the carrier number is conveniently described as a function of mobility without any hypothesis about the number of carriers, on both longitudinal and transverse transport of high quality single crystal Ba(FeAs)2 in a wide range of magnetic field. We show that the major numbers of carriers reside in large parabolic hole and electron pockets with very different topology as well as remarkably different mobility spectra, while the minor number of Dirac carriers resides in both hole-and electron-Dirac quantum states with the largest mobility as high as 70,000 cm 2 (Vs) −1 .
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I. INTRODUCTION
Rich physics in the transport properties of iron pnictide (FePn) materials is the consequence of the complex d-orbital energy bands with unique topology 1, 2 , and the unconventional high temperature superconductivity 3 and the intriguing quantum transport phenomena resulting from Dirac cones forming via spin density wave (SDW) band folding [4] [5] [6] [7] [8] have been reported so far. Despite various experimental observations as well as theoretical calculations, many controversies are still on debate in understanding the real band picture of FePn's. Many experimental challenges are faced with difficulties in differentiating various bands in this complex multiple band system of the materials, in which both electrons and holes with a wide range of relaxation times are present ah various points of the Fermi surface in momentum space. In addition, the existence of Dirac-like pockets having small number of carriers with a very small cyclotron motion but with markedly high mobilities makes the story more complex.
The first experimental observations of the Dirac-cone states were successfully made by ARPES 9 just after theoretical implications 1 . However, the complete picture on this complex multiple band energetics has yet been fully elucidated, because the energy scale of the Dirac-cone is not sufficiently large for the ARPES observations and the information of the different k z dependencies is not feasible to access in high accuracy. Generally quantum oscillations have become a very powerful and useful probe in order to examine the electronic states at the Fermi level. However unfortunately, this is not sufficiently sensitive in the case of detecting tiny pockets of holes and electrons such as Dirac conehquantum states. Electrical transport of both longitudinal and transverse directions in a widerange of temperature and magnetic field (B) in principle contains rich information and provides versatile experimental information for understanding the real multiple band nature as a sum of various electron and hole pockets. In order to deduce the important band picture from electric transport observations, however, one generally has to analyze the experimental data by hypothesizing the number of carrier types and as well as a large number of parameters depending on the situation.
In this paper, we apply a special technique of mobility (µ) spectrum analyses to the longitudinal and transverse transport of high quality sample of Ba(FeAs) 2 , an important parent compound in a FePn system, under a wide range of B up to 50 T. The spectral µ-spectrum analyses together with our high quality samples as well as transport measurements in a wide range of B gives a physically reasonable intrinsic interpretations on the electronic states at low temperatures without any assumption of the number of carrier types. We will describe how effectively this special approach can clarify the intrinsic multiple band nature, including both electron-/hole-like Dirac cones and other pockets without any assumption on their numbers. A sharp contrast is emphasized between the electron and the hole regions. The conclusion will be discussed by reffering to theoretical calculations and the importance of an anisotropic band picture showing a projected negative curvature existing in the Fermi surface will be emphasized.
The structure of this paper is as follow. Sec. II describes the experiments and the magnetotransport data obtained from the measurements under high B. In Sec. III, we explain in detail the method employed to analyze the magnetotransport data analyses, including the concept of µ-spectrum. In Sec. IV, we represent the results of our analyses. The µ-spectra for electron-like and hole-like carriers estimated from the magnetotransport data will be discussed in comparison with an electronic band picture of Ba(FeAs) 2 , following by a brief conclusion in Sec. V.
II. EXPERIMENTS AND RESULTS
High quality single crystals of Ba(FeAs) 2 were synthesized using a modified self-flux method described in detail in 10 . In this synthesis technique, a temperature gradient is employed to separate the grown crystals from the melted FeAs flux to avoid possible thermal shock in the usual decanting process. The as-grown crystals were annealed for 3.5 days in BaAs atmosphere to annihilate the effects of vacancies and microscopic strain on the transport properties 11 . After annealing, the quality of the crystal was greatly improved. As shown in Fig.1(a) , the ratio-of-residual-resistance RRR = R(300 K)/R(2 K) increased from 3.5 in as-grown samples to nearly 25 in annealed samples. The strong enhancement of RRR induced by the BaAs annealing process indicates a large reduction in geometric scatterings originated from atomic vacancies and/or microstrains on the large parabolic FS. The high value of RRR also guarantees the quality of the annealed crystals used in the subsequent magnetotransport measurements. The magnetoresistance and Hall resistance were measured using a Quantum Design Physical Properties Measurement System (PPMS) up to magnetic field B < 9 T. More importantly, in order to clearly observer the transport properties of all Fermi pocket, the measurements were also carried out under B up to 50 T with the help of the pulsed magnet at KYOKUGEN, Osaka University. Fig. 1(b) and (c) show the B-dependencies of electric transport of the annealed sample up to B ≤ 45 T, including the longitudinal resistivity (ρ xx ) and Hall resistivity (ρ yx ). The magnetoresistance (MR) showed a B 2 -dependence, being in contrast to the B-linear dependence found in the as-grown samples, because the influence of the Dirac quantum states was comparatively hidden by the improved parabolic bands occupied by a major number of carriers. However, detailed investigations, using the 1 st B-derivative of ρ xx (dρ xx /dB) in the low-B region, apparently revealed a complex saturatedlike behavior in a very small B-window (upper inset of Fig. 1(b) ). This saturation behavior exactly mimics the linear magnetoresistance previously found as an evidence of Dirac cones in as-grown samples Ba(FeAs) 2 5 and therefore can be interpreted as a transport phenomenon to be observed in the quantum regime of the Dirac cone 5, 12 . In general, important information of the Fermi surface can be deduced from these accurate experimental transport data via multi carrier semiclassical analyses. However, for the purpose one has to postulate the number of carrier types in the analyses and the resulting conclusion frequently becomes ambiguous. In order to interpret the accurate transport data without any prejudiced or biased conclusions, we have performed the special analyses on the B-dependent conductivity tensor.
III. ANALYSES OF MAGNETOTRANSPORT PROPERTIES
A. The mobility spectrum description of the transport properties
In this paper, the analysis of the magnetotransport properties will be mainly carried out in terms of the reduced coductivity tensor, in which the longitudinal (X(B)) and transverse (Y (B)) components are normalized to the conducitivity B = 0.
.
Here σ 0 is the conductivity at B = 0 ; σ xx (B) and σ xy (B) are the longitudinal and transverse conductivities, respectively.
Instead of assuming the number of electron and hole pockets 13 , one can define two continuous distributions of normalized conductivity versus mobility s (n) (µ) and s (p) (µ) in related to the total number of electron-like (n) and hole-like (p) carriers;
Where e is the elementary charge, k = n, p and K = N, P , the total number of the k-like carriers. Using the notations of s (n) and s (p) , X(B) and Y (B) can be reformulated as follow [14] [15] [16] :
] separately describes the partial longitudinal and transverse conductivities of only electron-like (k = n) or hole-like (k = p) carriers. These equations connect the experimental data X(B) and Y (B) to the responses against a specific B from all possible electron-like and hole-like carriers. In the main figure of (b) and in (c), the points show the experimental data whereas the lines exhibit the analytic models representing the data obtained from the fitting of the B-dependent conductivity tensor (see Fig.2 and SI). It is clear that the experimental data can be well described by the analytical model.
B. KK transformation of the semiclassical magnetoconductivity
Interestingly, by employing reformulations described in the last section, X(B) and Y (B) can be proven to be connected to each other via the famous Kramer-Kronig (KK) causality principle 14 . More practically, the applications of the KK-transformation allows one to obtain individual contributions of hole-like and electron-like carriers from the experimental data as follow,
Here P denotes the principal part of the integral, X
and Y (k) are the individual longitudinal and transverse reduced conductivities of the k-like carriers, respectively. By using equations (5)
datasets. This effective hole-electron separation allows one to extract the µ-spectrum s (k) (µ) of the k-like carrier category solely from its own conductivities X (k) (B) and/or Y (k) (B) without worrying about the mixing of the other complementary component.
Eqs. (5), the KK transformation need an impractical B-range from 0 to ∞. In order to bypass this difficulty, we have tried to find a representation of the data, on which the KK transform can be analytically carried out. This can be done by fit the real data X(B) and Y (B) to the linear combinations of Lorentzian components 15 ;
We notice here that the parameters µ α,i and µ β,i in Eqs. (6) have no physical meaning but to find a set of analytic representations for the experimental data 15 . In the case of the experiment data shown here, a linear combination composed of six Lorentzian components has been used as the representation of X(B), whereas up to nine components were necessary to reproduce Y (B). The parameters of the Lorentzian terms are listed in table I. In Fig. 2 , we compare the experimental data with their analytic representations. It is clear in the figure that the two kind of datasets are almost identical to each other. In order to make sure that the analytic conductivities X (B) and Y (B) are really cappable of representing the experimental data, we have employed them to simulate ρ xx (B) and ρ yx (B). A comparison between the simulated and the experimental resistivity tensors are shown in Fig. 1(b) and (c).
The KK transformations were performed on the analytic representations with the help of the computer software Maxima (color online) B-dependencies of longitudinal (a) and transverse (b) reduced conductivities of Ba(FeAs)2. The black points and red curves denote the experimental data and their analytic representing curves, respectively. The blue and orange solid curves denote partial normalized conductivities of electron-like (subscripted n) and hole-like (subscripted p) carrier types obtained from the KK transform, respectively. Whereas both X (n) (B) and X (p) (B) positively contribute to X(B), Y (B) is resulted from the competition between Y (n) (B) and Y (p) (B). The contrast between the Bdependence of electron-like conductivities and that of hole-like ones can also be clearly seen.
C. Calculations of mobility spectrum
With the partial conductivities separated by the KK transformation at hands, we now can proceed to extract the µ-spectra of electron-like and hole-like carriers in Ba(FeAs) 2 . In a logarithmic equally-spaced grid of the µ-space, the normalized conductivities X (k) (B) and Y (k) (B) in Eqs. (4) can be approximated as followed:
where µ = e m , B = e b , and h i = e mi s (k) (m i )∆m. Here N is the total number of points used in the approximation and ∆m is the distance between two m i points. In the calculation of a µ-spectrum, a set of h i values at each m i points is the quantity that one needs to estimate.
From the viewpoint of analysis, Eqs. (7a) and (7b) are much more convenient than Eqs. (4). Thanks to the KK separations, Eqs. (7) contain only the single contribution from electrons (k = n) or holes (k = p); therefore the complex mixing of the contributions from electrons and holes can be avoided. This greatly simplifies the process of extracting the µ-spectra S (n) (µ) and S (p) (µ) from the experimental data. Moreover, Eqs. (7a) and (7b) provide two alternate models for deriving h i and thus can be used to test the validity of the resulted spectrum. For instance, one can try to extract
). The resulted spectrum can be employed to simulate a transversed (longitudinal) conductivity Y sim (B) and X (k) (B)) should be consistent to each other. One can also try to estimate two µ-spectra from both X (k) and Y (k) and compare them together. In order to estimate the µ-spectra, models including up to 1000 points of m i were generated by following Eqs. (7a) and (7b). Identical values of h i 's were used to initialize the models. The models were then independently fitted to the X (k) (B) or Y (k) (B) datasets using the program fikyk 18 . For either k = n or k = p, the S (k) (µ) extracted from X (k) (B) is identical with that obtained from Y (k) (B) for both k = n and p, confirming the validity of our analyses. The continuous µ-spectrum obtained from the calculations is shown in figure 3 . The structure of the µ-spectrum will be discussed in relation with the FS of Ba(FeAs) 2 in the next section.
IV. DISCUSSION
Taking the advantages of the Kramer-Kronig holeelectron separation, a contrast between the two complementary categories of carriers can unambiguously be visualized when plotting the conductivities in the logarithmic scale. In Fig. 2(a) , the value of X (n) (B = 0) is about 0.6, which is considerably larger than about 0.4 of X (p) (0), suggesting that electrons are larger either in number or in mobility than that in holes 2 . As B increases, however, X (n) (B) starts to fall down at a B as small as 0.1 T, and furthermore arrives at the drop-down step at a smaller B than X (p) (B) does. Moreover, in Fig. 2(b) Y (n) (B) is an asymmetrically broadened peak located at B 3 T with a large shoulder in the low-B side, which eventually develops into a long tail extending very far to the B = 0 T limit. In comparison to that, Y (p) (B) is almost a symmetrical and simple peak centered at B 5 T; although a very small asymmetry can be recognized at the low-B side. In the framework of semiclassical transport theory, the longitudinal or the transverse conductivity of a carrier type is correspondingly stepped or peaked at a value of B which is inversely proportional to the mobility µ of that carrier type 20 . Owing to this µ = 1/B relationship, carriers that have a long relaxation time τ and small effective mass m * make their contributions at low B's, whereas the ones with a short τ and large m * response at larger B's. The small but sharp decrease in X (n) (B) and the long tail of Y (n) (B) at very low B's thus are the evidences for the existence of a small number of electronlike carriers with very high mobility, i.e. the Dirac cones. On the other hand, the major weights of both
] respectively come from other electron-like and hole-like carriers with much larger numbers and much lower mobilities, which can be plausibly assigned to the large parabolic hole-like and electron-like pockets.
From the partial conductivities [
, we have successfully evaluated the µ-spectra s (k) both for electron-like and hole-like carriers in Ba(FeAs) 2 as shown in Fig. 3(b) . Here we have conventionally represented electrons as the carriers with negative and holes as those with positive µ's, respectively. Surprisingly, the electron-like and the hole-like sides of the figure are in striking contrast to each other. Although the two highest peaks in s (n) (µ) and s (p) (µ) are both located in the low |µ| region, the two spectra evolve very differently as |µ| increases. In the hole side, s (p) (µ) is characterized by three isolated delta-like peaks at 0.13, 0.82, and 2.85 m 2 (Vs) −1 . On the other hand, s (n) (µ) is composed of a very sharp peak at µ = 0.11 m 2 (Vs)
(marked as A in the figure), which is continuously connected with a very broad feature ending up with the |µ| as high as 8 m 2 (Vs) −1 . The later can be virtually divided into a shoulder centering at µ = −2 m 2 (Vs) −1 (marked as (B)) and then a wide hump ranging from around −4 to −8 m 2 (Vs) −1 (marked as (C)). While covering most of the high µ regions of the spectra, the magnitudes of (b) and (c) are around 10 24 m −5 Vs and 10 22 m −5 Vs, respectively; being very small in comparison with the value of 10 27 m −5 Vs of the peak A. Whereas the sharp peaks in s (p) (µ) are interpreted in terms of isotropic FS's, being similar to the reported µ-spectra for semiconductors 21 , the features in s (p) (µ) are very unconventional and have not been observed so far. Since a µ-spectrum must be originated from the responses of FS's under external B, these features are actually the representations of the intriguing Fermiology of Ba(FeAs) 2 , as will be discussed next.
Ba(FeAs) 2 is a nearly compensated semi-metal, in which the total volumes of electron-like pockets and hole-like pockets are almost equal to each other at the Fermi level (E F ) 2 . At low temperatures, antiferromagnetic Spin-Density-Wave (AF-SDW) nesting generates complex-structure bands with many pockets of different sizes via band reconstruction. Especially, linear band crossing occurs near E F due to the restriction of odd and even parity of orbital symmetries and thus tiny Dirac pockets form at certain k-points that accommodate a small number of carriers 1, 9, 22 . On the other hand, a majority of carriers still resides in trivial large hole-or electron-like pockets located at the center or at the corners of the 1 st Brillouin zone (BZ), respectively. The existence of the tiny Dirac pockets promises a distinct carrier type with an extremely long relaxation time (τ ) 4, 8 , being originated from the suppression of backward scatterings 7 as well as other intriguing transport phenomena 5, 6 . In contrast, the relaxation of carriers on the large parabolic FS's is mainly determined by the inter-pocket AF scatterings, which may directly connect the appearing superconductivity to the magnetic origin in a multiple-band system of FePn's.
In Fig. 3(a) we show a schematic FS structure in agreement with the DFT+DMFT band calculations by Yin et al.
2 . This unusual band picture consists of a hole-like FS located at the center of the BZ and three electron-like pockets residing along the FM and AFM directions in accordance with the C 2 symmetry. Whereas the simple ellipsoidal shape of the hole pocket η is well-agreed in both theoretical calculations and experimental measurements, the electron FS's are much more complex and are still posted under questions 2, [22] [23] [24] [25] . For instance, in the current band picture, the two small FS's δ and ε are resulted via the SDW folding of bands with different parities 1 ; therefore are characterized by a linear dispersion E =hv F k, i.e. Dirac cone (pockets). The two Dirac pockets, being very different in size, are connected to each other via an interlayer hoping along k z as shown in Fig. 3(c) ; and hence appear at almost the same (k x , k y ) positions 2, 23 . On the other hand, the large parabolic α pocket along the FM direction shows a curious cashewlike shape featured by both convex and concave segments of the surface. Intriguingly, the distinct contrast described between the hole-like and electron-like FS's is similar to what was described earlier between s (p) (µ) and s (n) (µ). In the following, we will show that our µ-spectra are actually in a very good agreement with this band picture and therefore is the first observations in the view of the intrinsic transport properties.
Let us focus first on the sharp peak H in s (p) (µ). In the context of µ-spectrum, such a sharp peak can result from an isotropic pocket with parabolic dispersion. Considering the large peak height, which is proportional to the pocket size, it is reasonable to assign the H peak in s (p) (µ) to the large hole pocket η. Similarly, the A peak in s (n) (µ) can also directly be assigned to the large α pocket. However, the curious shape of α gives a clue for understanding an additional unexpected transport phenomenon. Ong has clarified 19 that during a cyclotron motion on a FS under B, an electron can behave either interestingly like a hole or usually like an electron depending on whether the local curvature of the FS is negative or positive (see Fig. 3(d) ). It is considered to be natural to interpret that the cashew-like α pocket is responsible not only for the A peak in s (n) (µ) of the electron side but also for the A peak in s (p) (µ) of the hole-side. Consequently, the A peak in s (n) (µ) can be attributed to the cyclotron motion of electrons on the convex part and the A to that on the concave part of the α cashew.
We then consider the high mobility B and C features in s (n) (µ). Keeping the fact in mind that the high mobility is reasonably considered to be one of the intriguing quantum properties of Dirac fermions, one could naively ascribe these features to the two Dirac pockets δ and . However, taking into account the experimental fact that B and C continuously extending to a very wide range of mobilities has not been observed in any µ-spectrum anal-yses so far, a further detailed discussion is necessary. As mentioned above, the µ-spectrum analysis technique was aimed to understand the conduction of usual metals and semiconductors, in which the scattering time τ and the effective mass m * do not change with respect to B. For a Dirac cone, however, both of these quantities sensitively change as B varies 5, 12, 26 . In this sense, the behaviors of B and C qualitatively validate the unconventional transport of the Dirac cones in Ba(FeAs) 2 .
V. CONCLUSIONS
The µ-spectra described in the present paper provided a remarkable overview of the unusual band picture of Ba(FeAs) 2 from the viewpoint of transport phenomena. The topology of the FS's plays an important role in understanding the physics of transport in FePn compounds. The broad features in the mobility spectrum of Dirac cones qualitatively indicated that the relaxation time of the Dirac carriers is greatly B-dependent. This point warrants further sophisticated and deeper theoretical interpretations. We also noted that the Dirac pockets in FePn have finite tight-binding like dispersion along k z , and hence may be very different from the 2D ones found in graphene as well as the surface-state Dirac-cones in topological insulators.
